Abstract-The alternating magnetic flux leakage testing is used for the detection of cracks in a steel plate. A new technique of how to detect plural cracks, which are located at a very short distance from each other, using the parallel ( -) component of the leakage flux density is proposed. The behavior of leakage flux is examined using a three-dimensional edge-based hexahedral finite-element method. The effects of dimensions of search coils and cracks on the detection accuracy are illustrated.
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I. INTRODUCTION
A LTERNATING magnetic flux leakage testing detects the leakage flux from cracks in ferromagnetic material magnetized by an ac electromagnet [1] , [2] . High frequency should be used to detect very small cracks in a steel surface [3] , [4] . Generally, the perpendicular ( ) component of leakage flux is detected by this testing, because this component is not generated when there is no crack. However, when plural cracks are located at a very short distance, the distinction of the numbers of cracks cannot be performed by using the component [5] . In this paper, a technique of how to detect plural cracks, which are located at very short distance, is investigated by a three-dimensional (3-D) edge-based hexahedral finite-element method (FEM) [6] . It is shown that the detection of the parallel ( ) component of the leakage flux density is effective in inspecting plural cracks. The behavior of the parallel component is examined, and the possibility to distinguish plural cracks using is discussed. In order to detect , a differential type of search coil is proposed. The required dimension of search coil for distinguishing plural cracks is given by investigating the relationship between the dimension of search coil and the obtained . In addition, the experimental verification is also carried out. The basic equation of the magnetic field with eddy current in the case of the method is given by
where is the magnetic vector potential, is the reluctivity, is the current density, is the conductivity, and is the scalar potential.
The flux and eddy current are analyzed by the 3-D edgebased hexahedral FEM taking account of the nonlinearity of steel plate. In order to get the steady-state result, the calculation is carried out during 2.5 periods ( steps). The time interval of the step-by-step method is chosen as 6.25 10 s. The condition of the calculation is shown in Table I . The yoke is assumed to be linear (relative permeability: s ) and the eddy current in it is neglected. The lamination of yoke is not taken into account. Table II . The figure also shows the comparison between the calculation and measurement when one and two cracks exist. The figure denotes that the calculated and measured peak values of and are in good agreement of about 4% accuracy. Fig. 2(a) suggests that the distinction of two cracks is possible by using . On the contrary, the two cracks cannot be detected by using as shown in Fig.2(b) . This is because two peaks are generated even when only one crack exists. But (about 68 10 T) of leakage flux is generated even when the Therefore, in order to distinguish plural cracks, a new detection method using differential search coils is proposed. Fig. 3 shows the proposed differential search coils. The leakage flux , which is uniformly distributed over the steel surface, is measured using the search coil . The local leakage flux from the cracks is measured using the search coil . The length , length , and length of the search coil are 0.38, 5, and 0.1 mm, respectively. The length , length , and length of the search coil are 5, 4.8, and 0.22 mm, respectively.
III. RESULTS AND DISCUSSION
A. Comparison of Parallel ( ) and Perpendicular ( ) Components of Leakage Flux
B. Proposal of Differential Search Coil
The difference of measured using the differential search coil, when two cracks exist, is shown in Fig. 4 . The width ( ), depth ( ), and length ( ) of both two cracks are 0.5, 1, and 100 mm, respectively. The figure suggests that the numbers of cracks can be recognized by using the proposed method. The output of is zero, when there is no crack. The figure denotes that the calculated and measured peak values of are in good agreement of about 4% accuracy. Fig. 3 (see Fig. 5 ). The figure suggests that the proposed method is useful in detecting plural cracks. 
C. Effect of Dimensions of Search Coils and Cracks
In order to distinguish plural cracks, the distance of which is very short, using the -component , the dimension of search coil should be small. Then, the required dimension of search coil is examined when two cracks exist. The depth ( ) and length ( ) of both two cracks are 1 and 100 mm, respectively. The height and the length of a search coil , and the height of a search coil are assumed as the same. Fig. 6 shows the effect of the dimensions ( , , and ) of the search coil and on output waveform of , when the interval and the width ( ) of two cracks are changed. In Fig. 6(a) and (b) , the widths ( ) of both two cracks are 0.5 mm, and the intervals are 0.2 and 0.5 mm, respectively. Fig. 6(a) and (b) suggests that the dimensions (  ,  ,  and ) of search coils should be less than the interval . In Fig. 6(b) and (c), the intervals are 0.5 mm, and the widths ( ) of both two cracks are 0.5 and 0.01 mm, respectively. These figures show that the dimensions should be further reduced when the crack width becomes smaller. But, it is possible to detect two cracks by the search coil of mm, even when is 0.01 mm. Fig. 7 shows the distribution of when the depths of two cracks are different. The depths ( ) of a left-side crack and a right-side crack are 0.5 mm and 1 mm, respectively. The width ( ) and length ( ) of both two cracks are 0.01 and 100 mm, respectively. The figure denotes that two cracks can be detected by the search coil of mm. Moreover, the figure illustrates that the information about the difference of the crack depth is also obtained using the differential search coil. 
IV. CONCLUSION
The results obtained are summarized as follows. 1) The 3-D nonlinear edge-based hexahedral FEM is useful for investigating the alternating magnetic flux leakage testing with the plural cracks. Moreover, the validity of the calculation is illustrated by experiment.
2) A new technique using differential search coil for detecting plural cracks, which are located at very short distance, is proposed. It is proved that the plural cracks can be detected using the parallel ( ) component of leakage flux.
3) The effects of dimensions of search coils and cracks on the detection accuracy are investigated, and the appropriate dimensions of search coils for respective intervals between cracks and crack widths and depths are also illustrated.
